
4A

AFCRL-69-4?0131

OPTICAL PROPERTIE OF 4H, 6H, 15R, 21R, CUBIC Sic

Volfga-tg J.-Cheyke and Lyle Patrick

WJestinhouge Research laboratories
-Pittsburgh, Pennsylvania 15235

Contract F 19628-68-C--0272

Project 'No. 5620
Task 'No. 562008
Mork Unit No,; 56200801-

FINAL REPORT

Period Covered: 1 April 1-968 -31 March 1969

[ 30 April 1969

Distribution of this document is unlimited. -It may be released to the
Clearinghouse, Department of Commerce, -for sale to the general public.

Contract Monitor:- Herbert C. Lipson
Solid State Sciences Laboratory

rrepared for

AIR FORCE CAMBRIDG E RESEARCH LABORATORIES L ~
OFFICE OF AEROSPACE RESEARCH

UNITED STATES AIR FORCE
BEDFORD, MASSACHUSETTS 01-730



ABSTRACT

Optical absorption and reflectivity studies were carried out

on a variety of cubic SiC samples. Two additional indirect transitions

at 3.55 eV and 4.2 eV have been found. In N-type cubic SiC the inter-

conduction band transition Xic to X has been accurately located.

Results have been compared with recent band calculations of Herman,

Van Dyke and Kortum.

Two additional papers were prepared dealing with a general

discussion of the dependence of the physical properties on polytype

structure and the optical properties of polytypes of SiC.
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I. INTRODUCTION

The objective of this contract was to perform optical

experiments whic:' would lead to a further understanding of the band

structure of some of the simpler polytypes of SiC.

In general, it would be most satisfying if it were possible to

compare the experimental results with a calculation of the band structure

derived from first principles. Unfortunately, the present state of the

theoretical art does not permit this. In fact, experimenters furnish

the theorists with certain key parameters and then a semi-empirical band

structure calculation is undertaken. In the case of SiC, the zincblende

modification is the one most amenable to a calculation because of its

relative simplicity. Fortunately, at the start of this support period,

Dr. Frank Herman and his collaborators were interested in performing a

calculation on cubic SiC and it was felt that it would be most useful

if one could furnish them with new and better experimental results,

Indeed, it is for this reason that our effort has been concentrated on

cubic SiC and at all stages of the work we have been in close contact

with Dr. Herman.

The result of the experimental work on cubic SiC has been the

discovery of two additional indirect transitions and a direct inter-

conduction band transition for N-type samples. Previously reported

structure in the reflectivity at 4.6 eV by Wheeler can now be attributed
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to an unknown artifact and is not the onset of the direct transition at

the center of the Brillouin zone. The most recenz band calculation of

Herman, Van Dyke and Kortum, which uses our previously reported value,

for the first indirect gap, r1 - to X, shows no direct transition below

6 eV and bears out the fact that we have seen no structure in the

reflectivity until approximately 6 eV. In addition, we are in good

agreement with the second indirect transition, L3v to Xic at 3.55 eV,

but find a third indirect transition at 4.2 eV which is as yet unidenti-

fied. The direct transition threshold seen -n N-type samples at 3.05 eV

is to be compared with the calculated separation Xle to X3c of 2.7 eV.

Such agreement is considered quite satisfactory. A very good start has

been made at fulfilling the rather ambitious program of elucidating the

band structures of 4H, 6H, 15R, 21R, and cubic SiC, but clearly it will

take much more work before even the simplest of the hexagonal and

rhombohedral band structures are understood.

II. INSTRUMENTATION

(a) Optical Absorption

The reflectivity of a large band gap semiconductor prior to the

onset of the direct transiUions is primarily governed by the real part of

the complex index of refraction. Furthermore, we can relate the refractive

da (hv')index n, in this region, to d hv' where a is the ordinary absorption

coefficient. For an allowed band-to-band indirect transition, a is

2
proportional to (hv - E ) whereas for an allowed direct transition, a

g
1/2is proportional to (hv - Eg) / . From this it can be seen that structure

g
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in the reflectivity might be expected at the onset of a direzt

transition but Aq_tfor an indirect transition.

Under these Aircumstances it is desirable to supplement

reflectivity studies with absorption measurements. One would like to-

extend the orainary transmission measurements right up to the threshold

of the first strong direct transitions. This means making measurements

[i -1
of a of about 50,000 cm . To make good measurements in such a regime

requires the preparation of single crystals with a thickness of the

order of a micron and optical equipment with extremely smal! light

scattering.

Crystals were prepared in the following manner:

(a) Ideally, select a flat sample about 50 to 100p in thickness which

is a single polytype, as deduced from Laue X-ray studies and

optical examination.

(b) Make up a small amount of solution of type 650 Owens-Illinois glass

resin using 25% by weight of the 650-0-1 solid and 75% by weight

electronic grade acetone. The resin stock should be kept in a

refrigerator at all times and even then it has a limited lifetime.

If the solution does not appear absolutely clear, it should be

carefully filtered.

(c) Thoroughly clean a 1/2 inch diameter, 1 mm thick, Suprasil II disc

having a good optical polish.

(d) Put one drop of resin solution on the Suprasil disc and allow to

dry for one hour while covering with a glass jar.
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(e) Place flat side of crystal against resii and push on top of crystal

witn a small teflon-tipped plunger. Put disc and plunger combina-

tion on a hot plate which has been pre-heated to about 150*C and

allow to cure for one hour. This makes a fairly permanent bond

between the sample and the quartz disc.

(f) Attach disc to stainless steel grinding fixture with an appropriate

cement. Grind crystal with 600 and 1000 mesh boron carbide on flat

plate glass. Frequently, check thickness under the microscope.

(g) Below a thickness of 15P the boron carbide is discontinued. One

now uses 6P diamond paste on a solder lap. Below a thickness of 5',

only 1/2p diamond paste is used. For each stage of polishing,

separate solder laps should be used. Below 10u thickness, micro-

scopic examination becomes most difficult and it is best to rely on

actual transmission measurements of the crystal. It should be noted

that the crystal is never removed from the disc and measurements

are made through the ultra-pure silica disc and resin film. Since

neither the uitra-pure silica nor the resin film have any appre-

ciable absorption down to 2000 R, this was perfectly adequate for

our measurements.

Figure 1 is a block diagram of the system used for making the

transmission measurements. For reasons already mentioned, one is pri-

marily concerned with the reduction of scattered light and not with high

spectral resolution. Normally, three light sources are used, a tungsten

ribbon, a xenon high pressure arc, and a deuterium arc. All light source

supplies are regulated to 0.1%. The light is chopped at 33 cycles and
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pre-filtered by a variety of Corning glass filters. After passing thro,.

the double monochromator, the light is further filtered by appropriate

liquid cells. An example of such a liquid filter would be a 2 cm dia-

meter and 12 cm long cylinder filled with a NiSO4 solution. The cylinder

has two -ultra-pure silica end windows which are attached with wax. The

light is then re-focussed onto the crystal which is mounted on a machined

slide. The slide has two positions, one for the crystal and the other

for an open hole. The signal is measured with an RCA 7200 photomultiplier,

amplified, phase-detected, and finally read-out on a counter.

(b) Reflectivity

For the experiments conducted during this contract period, it

was necessary to perform careful reflectivity measurements from 3000

to 1500 R. A rebuilt Seya-Namioka 1/2-meter grating instrument was used

and a block diagram of the system is shown in Fig. 2. For the 3000

to 1500 X region, a Nester-type lamp filled with deuterium is used. A

small fraction of the light is fed back to a photomultipliet through a

light pipe whose front surface is covered with sodium salicylate. The

photomultiplier signal is fed to a feedback network which in turn controls

the current to the lamp. In this way the light output is kept constant

to about 0.1% for small periods of time. It has been observed that the

light output steadily declines with the number of hours the lamp is in

operatiun. This has been traced to a deposit which forms on the outside

surface of the MgF2 lamp-window which is exposed to the intense ultra-

violet light. This deposit is easily removed with electronic grade

acetone. Recently, a liquid nitrogen cold fringer has been installed
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near the lamp window and it has reduced the rate at which the deposit

forms on the window. After the light has passed through the entrance

slit. it is chopped at 200 cycles by a tuning fork chopper and then

dispersed by the 1180 line pe-_- rm concave grating. Down to 1100 X, the

grating is an aluminum replica covered with 250 X of gF,. For experi-

ments below 1100 R the grating is covered with platinum. Similar

considerations hold for all the mirrors in our system.

The light is refocussed onto the sa-mp-le by the spherical

mirror 1 . It weuld be desirable to use a toroidal mirrcr at this point

to correct for sore of the astigmatism. This is particularly pressing

when very small samples are used and a good bit of light is lost because

of the elongated image. irror M, cai be adjusted for up and down and

sideways displaceme.t of the i mage even while the reflectometer chamber

is under vacuum.

When small samples are used, as was the case of cubic SiC, it

is desirable not to move the sample during the period of measurement.

For this reason we built a reflectometer 2.ith a light pipe which rotates

in front of the sample as shown in Fig. 2. In the usual system the light

pipe rotates concentric with the sample. Despite the fact that Lhe former

system is somewhat asymmetric, we have found little difference for the

relative values of the reflectivity obtained by either scheme.

The light pipe window is covered with a thin layer of sodium

salicylate deposited by means of a fine, oscillating, spray of sodium

salicylate diluted in methyl alcohol. The part of the light pipe near

the entrance window is aluminized in order not to lose those light rays

which are not subject to total internal reflection.
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An RCA 8575 photomultiplier was chosen beuause of its excellent

dark-current characteristics and because its peak response is close to

that of the sodium salycilate luminescence. To further discriminate

against stray light, the RCA 8575 entrance is covered with a Corning

5562 filter which closely matches the peak luminescence of our phosphor

and rejects all other visible light.

The maximum output current is held to 10- 7 amperes so as to

assure a very high degree of linearity in our measurements. The signal.

is amplified, phase-detected, and converted to a digital signal which is

read-out on a 50-megacycle counter. At various stages of the electronics,

meters are used to insure that no componenr is being driven into a non-

linear region. When all components are working properly, we are able

to reproduce our results to better than 0.5%.

Under some circumstances, structure can be enhanced at low

temperature. A stainless steel dewar with MgF, windows and a separate

vacuum system has been constructed and fits either the concentric or the

off-axis reflectometer. The dewar is connected to a separate vacuum

system which maintains a pressure at the sample of about 5 x 10-7 Torr.

Great care is taken to trap out all oil vapors and the sample is further

cryopumped by a cold cavity which almost totally- surrounds it. The

sample can be raised in and out of the beam by means of a vacuum bellows

connected to a gear. We judge the dewar to work adequately by the obser-

F vation that even after several hours of cooling the sample reflectivity

in the extreme ultraviolet has not changed much. Finally, it should be

noted that the dewar can be used for absorption as well as reflectivity

experiments.
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III. RESULTS AND PUBLICATIONS

During the sponsorship of this program a number of experiments

were brought to a successful conclusion, the results of which have been

written up in two scientific papers whose abstracts are repeated here

and whose complete texts are given in Appendices L and B.

(A) Optical Absorption in N-Type Cubic SiC

Abstract

Nitrogen doping of cubic SiC increases the optical

absorption in two regions. The free-carrier intraband absorp-
2.8

tion has a wavelength dependence of X . An additional

narrow band near 3.1 eV is shown to be the direct interband
transition from the Xlc conduction band to the higher X3c

band. The relationship to Biedermann's work on other SiC

polytypes is indicated.

(B) Hiaher Absorption Edges in Cubic SiC

Abstract

In addition to the known indirect absorption edge

of cubic SiC at 2.39 eV, measurements of light absorption in

thin samples reveal indirect edges at 3.55 and 4.2 eV. Com-

parisons are made with calculated band separations. The
4 -l

absorption coefficient at 5 eV is 2.4 x 10 cm . There is

no absorption edge near 4.6 eV as suggested by some

reflectivity measurements. The first direct transition

appears to be near 6 eV.

In addition, two technical papers of a more general natuie

were prepared and are given in full in Appendices C and D.
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(C) Dependence of Physical Properties

on Polytype Structure

Abstract

The physical properties of SiC are classified

according to the degree of their dependence on polytype. The

relationship of polytype dependence to wave-vector dependence

is explained, and is illustrated by a number of examples.

The correlation of polytype properties with hexagonality is

also considered.

(D) Optical Properties of Polytypes of SiC:
Interband Absorption, and Luminescence

of Nitrogen-Exciton Complexes

Abstract

A summary is given of the optical absorption in

seven pclytypes of SiC. Nitrogen-exciton four-particle and

three-particle spectra for a number of polytypes are dis-

cussed. Combining energies from four-particle and three-

particle no-phonon data to yield values for donor ionization

energies are reviewed.

IV. RECO1MENDATIONS FOR FUTURE WORK

(a) Study the higher absorption edges in 15R, 21R, and 4H SiC by means

of transmission measurements on thin single crystals.

(b) Extend transmission technique to crystalline films grown on Si

substrates.

(c) Study the signatures of different surface preparations on optical

reflectivity in the U.V.
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(d) Make a detailed study of the reflectivity of 6H, 4H, 15R, 21R, and

cubic SiC from 4 eV to 20 eV.

(e) Study details in the reflecti-ity by means of differential

techniques.
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APPENDIX A -- Optical Absorption in N-Type Cubic SiC



March 7, 1969

OPTICAL ABSORPTION IN N-TYPE CUBIC SiC

Lyle Patrick and W. J. Choyke

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

Abstract

Nitrogen doping-of cubic SiC increases the optical absorption

in two regions. The free-carrier intraband absorption has a wavelengt

dependence of X2. An additional narrow band near 3.1 eV is show.. to

be the direct interband transition from the Xlc conduction band to the

higher X3c band. The relationship to Biedermann's work on otter SiC

polytypes is indicated.

The research reported in this paper was sponsored in part by the Air
Force Cambridge Research Laboratories, Office of Aerospace Research,
under Contract AF 19(628)-68-C-0272, but the report6 does not necessarily
reflect endorsement by the sponsor.



I. LY0ODUCTI0N

We nave compared the optical absorption of n-type samples of

cubic SiC with that of relatively pure specimens. The n-type samples

have additional absorption of two kinds, one of which is the usual

freL-carrier intraband absorption.(I6 The other n-type absorption is

a rather narrow band with a maximum at 3.1 eV, and can be attributed to

the transition of electrons in the X conduction band to the higher

Xc band. T7his is an allowed direct transition.
3c

Such interband transitions in n-type crystals were observed

by Biedermann in several SiC polytypes. (2) They are responsible for the

well-known colors of nitrogen-doped samples, e.g. green 6H and yellow

l5R. The cubic n-type interband absorption differs from those reported

for the other polytypes in three respects. (1) No part of the absorp-

tion band lies in the visible range, hence it does not contribute to

crystal color. (2) The direct n-type absorption falls within the energy

range of the intrinsic indirect interband absorption. (3) only a single

isotropic absorption band is found, because of the high symmetry of the

cubic SiC band structure.

The lower limit of the interband transitions, about 3.05 eV,

yields a value of the Xlc - X band separation which is in goodXc-3c

agreement with some of the calculated values.( 3) 4 ) We discuss the

possibility of distinguishing between absorption by electrons in the

conduction band and by those bound to donor atoms. The wavelength



dependence of the free-carrier intraband absorption yields information

[ on the electon-scattering mechanisms. Either polar or impurity

[I scattering (or both) appear to be consistent with the experimental

results.

II. EXPERDIMAL

A. Crystal Preparation

All measurements were made on vapor-grown crystals tb.+

originated as cubic overgrowths on hexagonal crystals, ( 5) the over-

growths being deposited during the cooling period of the crystal growing

furnace. ( 6 ) The hexagonal parts were ground off, leaving small but.

good quality single crystals of cubic SiC, as shown by Laue transmission

X-ray pictures. Various pressures of nitrogen were used in the furnace

during crystal growth. No electrical measurements were made on Lhe

small cubic crystals, but measurements on hexagonal crystals grown in

the same furnace show donor densities ranging from 101 7 /cm 3 at the

lowest nitrogen pressures to l1 9 /cm3 or more at the highest.

B. Experimental Results

The absorption of an n-type crystal is compared with that of

a pure rystal in Fig, 1. The relatively pure A crystal probably has a

donor density of order O1 70/cm 3 but no evidence of the donors is found

in the optical measurements. It has an indirect absorption edge at

2.39 eV. (7) The n-type B crystal is thought to have a donor density of

order lo19/cm3 . Other crystals were found to have different intensities

of the 3.1 eV absorption band, and the intensity correlated qualitatively
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with the nitrogen pressure in the crystal-growing furnace, and with a

color change to be described later.

The additional n-type absorption near 5.1 eV, , = cYB - OA.

is plotted in Fig. 2. It is an asymmetric band, but the shape cannot

be determined accurately because of the uncertainty in Ao in the wings.

Because of the difficulty of measuring absolute absorption coefficients

on small crystals, the difference between the two crystals, Aq, is not

reliable when it is much smaller than aA. At 4.2°K the 3.1 eV band

narrows considerably and moves to a slightly higher energy. At 770K

the width of the band is close to that at 4.2 0 K.

III. DISCUSSION

A. Interband Absorption

Cubic SiC has the zincblende structure. Both theory and

experiment suggest that the extra interband absorption in n-type samples

should be attributed to direct transitions from the Xlc condxction band

to the higher X3c band.(8) Recent band calculations by Hezman, Van Dyke,

and Kortum show an X - X separation of about 27 eV, compared

with about 3.05 eV for the observed absorption edge (Fig. 2). Experi-

mentally, the energies of the phonons emitted in the indirect exciton

recombination transitions were measured.(7 ) These phonons conserve

crystal momentum, and therefore have the same k values as the conduction

band minima. The degeneracy of the transverse phonon modes in the

exciton spectrum shows that the conduction band minima lie in directions

of high symmetry. The L positions are then excluded by noting that the
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phonon energi-s are different from those found for L in Raman scattering

experiments.r Thus, we conclude that the conduction band minima are

very likely at X.

A similar transition, also at X, is observed in n-type ca?

at 0.4 eV.(1O) Bassani remarks that the XlC - X3c splitting, which

is due to the antisy=-etric portion of the crystal potential, is large

for small atoms.(11 Biedermann made absorption measurements on n-type

samples of several other SiC polytypes, and attributed the absorption

to di'rect transitions from the conduction band to bigher bands.(2)

However, the bands between -which the transitions take place have not

been identifie-1 for these polytypes, because the -exact positions of the

conductlon band minima are not yet known.

(12)
In recent measurements ) on the donor- ;nduced transitions

in 6H SiC, an attempt was made to distinguish between absorption by

electrons bound to donors and by conduction band electrons. In cubic

SiC we find only a single absorption band, which narrows and shifts to

higher energy at 4.2 0 K. The shift of about 15 meV is possibly due to a

change in interband separation. The band shape and the band narrowing

at low temperature are not unlike those observed for the inter-valence-

band transitions between bands 1 and 3 in p-type Ge. A comparison of

experimental and calculated absorption was possible for Ge, (13,14) but

it requires band parameters which are not known for cubic SiC. In any

case, the absorption band shape is not well known experimentally, as

noted above, and it is not expected to be very different for electrons

bound to donors or in the conduction band. (13) Thus, we think that the
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experimental results do not. answer the question of the initial location

of the electrons.

if we examine the data for th, 6H absorption band in Ref. 12

we find that a thermal shift in the interband spacing and thermal

broadening can qualitatively explin the observed temperature dependence.

Hence, we feel that the presence of two distinct absorption mechanisms

has not yet been shown. In both the cubic and the 6H SiC data, impurity

banding may blur the distinction between bound and free electrons, for

the donor densities were of order l01 9 icm 3.

B. Intraband Absorption

The free-carrier intraband absorption (0.6 to 2.0 eV) is

similar to that found for other polytypes by Biedermann and others.

It is customary to plot this portion of the absorption on log-log paper

to find the index s that best describes the wave-length dependence in

the formula a = const. Xs. The classical value, s = 2, is not found

for the photon energies employed here, which are large compared with

either the thermal energy kT or the SiC phonon energies. Instead, s is

expected to depend on the electron-scattering mechanism that transfers

the absorbed energy to the lattice. Visvanathan finds s = 2.5 for

polar mode scattering, and s = 3 for impurity scattering. (16) For

the data in Fig. 1 we find s = 2.8, in fair agreement, considering

theoretical and experimental uncertainties, with either or both of

these mechanisms.

For the room-temperature electron mobility in cubic SiC, polar

mode scattering is unimportant because of the high LO phonon energy of



0.12 eV.(9 ) However, in optical absorption, the intermediate state

electron is effectively a "hot" electron, having an energy> 0.6 eV,

thus making emission of L0 phonons an important mechanism of energy loss.

C. Crystal Color

The coloring of SiC crystals by nitrogen has often been noted.

The co.mion 6H and 15R polytypes are transparent when pure, but green

and yellow respectively when enough of the donor nitrogen is present.

Presumably, any other donor would be equally effective. CrystalIs of

these polytypes are uniaxial, and Biedermann's measurements show a

strong dichroism. However, the typical SiC crystal platelet has its

large dimension perpendicular to the c axis, so that only the ordinary

ray color is observed unless windows are polished on the narrow crystal

edges. The complexity of these absorption bands is a reflection of the

complex band structure of such polytypes as 6F and 15R, which, in turn,

has made it difficult to locate the positions of their conduction band

minima precisely. In contrast, cubic SiC has the relatively simple

zincblende structure, and, consequently, a simple isotropic absorption

band.

Unlike the other polytypes, cubic SiC is not colored by the

n-type interband absorption, for 3 eV is beyond the range of sensitivity

of the eye. Nevertheless, strong nitrogen doping is observed to change

the crystal color from a pale canary yellow to a greenish yellow, as

previously noted.(1 7 ) The yellow of pure crystals is due to the intrinsic

but weak absorption in the blue. The shift towards the green in

nitrogen-doped crystals is due to the free-carrier intraband absorption,

which absorbs red preferentially.

I
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FIGURE CAPTIONS

Fig. 1 Absorption spectra of cubic SiC crystals A (dashed) and

B (solid) at 300°K. Crystal A is relatively pure; crystal B

is strongly n-type (perhaps l 9 /cm3 donors).

Fig. 2 Difference of crystal A and B absorption coefficients (6a)

near 3.1 eV, at 30 0°X (solid) and at 4.20K (dashed).
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APPENDIX B -- Higher Absorption Edges in Cubic SiC



April 15, 1969

HIGHER ABSORPTION EDGES IH CUBIC SiC

W. J. Choyke and Lyle Patrick

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

Abstract

In addition to the known indirect absorption edge of cubic

SiC at 2.39 eV, measurements of light absorption in thin samples reveal

indirect edges at 3.55 and 4.2 eV. Comparisons are made with calculated

band separations.. The absorption coefficient at 5 eV is 2.4 x 104 cm- 1 .

There is no absorption edge near 4.6 eV as suggested by some reflectivity

measurements. The first direct transition appears to be near 6 eV.

The research reported in this paper was sponsored in part by the Air
Force Cambridge Research Laboratories, Office of Aerospace Research,
under Contract No. F19628-68-C-0272, but the report does not
necessarily reflect endorsement by the sponsor.



I. INURODUCTION

We have measured the absorption of light in cubic SiC from

2.35 to 5.0 eV, a region in which there are three indirect absorption

edges and no direct edges. We have also made preliminary measurements

of the reflectivity which show that the first direct transitions occur

near 6 eV, not at 4.6 eV as previously thought.

Cubic SiC has the zineblende structure, which is considerably

simpler than that of the common 6H and 15R polytypes, (1) a fact evident

in many experimental results. However, experimental work has been

hampered by the difficulty of growing adequate-sized crystals of cubic

SIC, a low-temperature polytype. Our measurements were made on both

vapor-grown and solution-grown single crystals whose origin and prepara-

tion will be discussed.

Because of the simple structure, cubic SiC is the polytype for

which most energy-band calculations have been made,(2'0 ) and it is there-

fore the logical one for UV reflectivity measurements with which to

test and assist the semi-empirical calculations. However, the range in

which absorption takes place only through indirect (phonon-assisted)

transitions is more than 3 eV, and such transitions do not generate

structure in the reflectivity.(4 ) Hence, an adequate test of band

calculations requires one to supplement reflection with absorption

measurements to locate the indirect edges. The use of thin samples,
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obtained by ri ndiug and :olis~hing, enabled us to find two additional

edges beyond the range of photon energies used in earlier measurements

of the first absorption edge. ( 5) Simllar additional indirect adges were

previously reported for 6H sic.(6)

Earlier measurements of the low-temperature luminescence, (5)

and of the absorption in n-type samples, (7) identified the 2.39 eV

Indizect transitions as e- P1, v . We now find a second absorption

edge at 3.55 eV, which is close to the value suggested for the transi-

tions Xl - L 3v by the recent calculat-ions of Herman, Van Dyke, and

Kor-IM. (2) Possible identification of a third indirect edge at 4.2 eV

will be discussed.

For indirect transitions an approximate but simple method of

analyzing the aosorption data will be outlined before the experlmental

results are given.

II. IBCT 554NSITIONS

The smallest energy gap of cubic SiC is 2.39 eV at 4.20K, (5)

and the absorption edge has the shade expected for indirect transitions

in which excitons are created. ()How ever, the detailed theory cannot

be applied to successive indirect transitions at higher energies because

lifetime broadening makes it impossible to observe the exciton and

phonon structure. In addition, the usual formula has energy denominators

which can be considered constant only over a very limited range of

photon energies. We wish to analyze absorption data from 2.59 to 5.0 eV,

a range in which the unknown energy denominators may vary by factors of

five or ten. We therefore cannot hope to extract a great number of
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parameters from our data. However, we are primarily interested in

locating the approximate positions of absorption thresholds, and that

is an easier task.

In examining the similar problem in 6H SiC it was found that

a plot of a!/2 versus photon energy showed distinct linear sections,

and that the data could be fitted by the simple formula

=Ycci = A (hV-Egi)2

where a is the absorption constant in cm- , the Ai are constants, and

the Egi are energy thresholds. This is an approximate formula in which

all fine structure is disregarded. (6) The true energy thresholds were

estimated to be somewhat higher when allowance was made for exciton and

phonon structure. The problem in cubic SiC is the same, and the same

procedure will again be used to analyze te data.

III. EXPERIMENTAL PROCEDURES

A. Sample Preparation

Measurements were made on six vapor-grown crystals obtained

from R.B. Campbell of Westinghouse Astronuclear Laboratory, and one

solution-grown crystal kindly supplied by A. Rosengreen of Stanford

Research Institute.

The vapor-grown crystals originated as cubic overgrowths on

hexagonal crystals, the overgrowths forming during the cooling period

of the crystal-growing iurnace.( 9 ) The hexagonal parts were ground off,

leaving small but good quality single crystals of cubic SiC, as shown
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by Laue transmission X-ray pictures. Strongly n-type crystals were not

used, for they have a donor-induced absorption band which overlaps and

is sometimes comparable in strength with the intrinsic absorption. ( 7 )

Thin specimens were needed for measurements at high photon

energies. These were obtained, down to 5-7pi, by grinding and polishing

crystals bonded to Suprasil II ( 1 0 ) with Type 650 0-I Glass Resin.(n)

The final thickness of a ground specimen was determined, probably within

10%, by comparing its absorption with that of a sample of measured

thickness, in a spectral region in which good absorption measurements

could be made on both.

The Stanford Research Institute crystal., grown from Si

solution, (12) was approximately 12V thick, as measured by its trans-

mission interference fringes.(1 3) However, there are growth terraces

or. the surfaces, so the thickness may vary from about ll to 13g. It

had only a very weak donor-induced absorption near 3.1 eV. In comparing

absorption spectra, no differences between vapor-grown and solution-

grown crystals were detected, nor between polished and unpolished crystals.

B. Measurement of Transmitted Light

The relative transmission of the samples was measured by a

standard comparison method. We used a Jarrel-Ash double monochromator

with gratings blazed at 300 R. The light source was a regulated xenon

arc, and scattered light was reduced by the use of Corning filters and,

above 3.8 eV, by various combinations of liquid UV filters. (1 4 ) At the

higher energies it becomes increasingly hard to find good filter

combinations.
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Samples of the proper thickness were chosen to give a

convenient range of optical densities for each spectral region. The

samples were at room temperature for all measurements. Cooling the

sample does not improve the resolution at the higher absorption edges,

for the resolution is limited not by thermal, but by lifetime broadening.

IV. EXPERLMENTAL RESULTS

To cover a wide energy range it was necessary to make

measurements on samples of various thicknesses. The results of all

measurements were combined to plot Fig. 1, which shows c/2 versus

photon energy, the plot commonly used for indirect transitions. The

absorption coefficient at 5 eV is about 2.4 x lO 4 cm- 1 . Figure 1 shows

three numbered linear segments (solid lines) connected by transition

regions (dotted). The linear parts are extrapolated (broken lines) to

indicate hcw one obtains the additional absorption for fitting each

linear segment in turn. The procedure is given more fully in Ref. 6.

The data hve been fitted by Eq. 1, using the values of Ai

and E shown in Table I. Experimental points fall within the width of

the solid lines. At high energies, however, the 10% uncertainty in

sample thickness results in a 10% uncertainty in absolute absorption

coefficient. This does not affect the values of the Egi, in which the

uncertainty is due to our inability to resolve exciton and phonon

structure. As in Ref. 6, we estimate the true E gi to be somewhat higher

than the fitted values. The third column of Table I shows the estimated

values that we use for comparison with the calculated band structure.
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Notice that the values of the A. increase with increasing

Ecu This is, in part, the way in which our simple formula takes into

account the fact, that, in the ccplete formula for the second-order

transitions, the energy denominators decrease as the photon energy

increases. The same effect was observed in fitting the 6H SiC

absorption. (6)

V. DISCUSSION

A. Comparison with Reflectivity Results

An important result is that we observe no additional absorption

beginning at 4.6 eV, where Wheeler reported structure in the reflec-

tivity. (15) The structure vas tentatively interpreted as a direct

transition, but now appears to be an artifact due to surface properties

or to the experimental procedure. We also made reflectivity measurements

in this region, but we observed no structure below 6.0 eV, where there

is a reflectivity peak.X(6 At photon energies too low for direct

transitions, the reflectivity is determined largely by the real part of

the dielectric constant, (4,6) hence the first reflectivity peak at

6.0 eV is thought to correspond closely to the minimum energy of direct

tranpitions.

We may note here that Wheeler also reported structure in the

reflectivity of 6H SiC at 4.6 ev.( 1 S) Our absorption measurements for

this polytype showed an absorption component beginning near 4.6 eV,

with an energy dependence apparently like that of an indirect transi-

tion. (6) Since indirect transitions do not generate structure in the

reflectivity we concluded that we could not rule out the possibility
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that the 4.6 eV edge was direct. It now appe9rs likely that IWheeler's

6H reflectivity structure at 4.6 eV is also an artifact, with a simi2ar

origin to the cubic structure, and that the absorption edge we observed

is indeed indirect.

B. Comparison with Calculated Band Structure

Herman, Van Dyke, and Kortum have made an OP14 calculation of

the energy-banG structure of cubic SiC, using Kohn-Sham exchange. (2)

This calculation shc 4s good agreement with two observed band separations,

namely 2.35 eV for X c - rly, the indirect band gap, and 5.0 eV for

X3c - Xlc, the donor-induced absorption edge. (T ) It also shows an

Xic - Lv separation close to our experimental value of 3.55 eV for the

second indirect edge. Ho,:ever, the next indirect transition suggested

by the calculated band structure is Llc - 15 v at about 5.6 eV, much

higher than the observed third edge at 4.2 eV. If the calculated value

were reduced to 4.2 eV by adjusting Lhc , to force agreement with experi-

ment, it would also reduce the calculated h-c - L3v direct transition

to 5.4 eV, and we do not observe a peak in reflectivity at this energy.

Thus, the 4.2 eV absorption edge remains unidentified.
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TABLE I -- Parameters used in fitting Fig. 1, and

estimated values of E when some allow-g
ance is made for exciton structure.

Fitted Estimated

A E Eg g

(103 cm- 1 eV -) (ev) (ev)

1.5 2.31 2.35

2.7 3.48 3.55

9.6 4.15 4.20
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FIGURE CAPTION

Fig. 1 Plot of Ci/2 versus hv over the whole range of measurements,

showing three linear portions. Measured values fall cn

straight-line segments (solid), or in transitional ragions

(dotted). The first two straight-line segments are

extrapolated (dashed) to emphasize the beginning of additional

absorption.

- 10 -



0)0

0

.4-
(n)

C- 0

0 _
0Do 0

0 0

L)T



iii

4 1

...BLANK P-AGE

i'

L



APPENDIX C 'D ependence of Physical Properties
on Polytype Structure



August 28, 1968

DEPERDENCE OF PHYSICAL PROPERTIES ON POLYTYPE STRUCTURE

Lyle Patrick

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

Abstract

The physical properties of SiC are classified according to

the degree of their dependence on polytype. The relationship of poly-

type dependence to wave-vector dependence is explained, and is

illustrated by a number of examples. The correlation of polytype

properties with hexagonality is also considered.

The research reported in this paper was sponsored in part by the Air

Force Cambridge Research Laboratories, Office of Aerospace Research,

under Contract AF 19(628)-68-C-0272, but the report does not

necessarily reflect endorsement by the sponsor.



I. INTRODUCTION

The semiconductor properties of n-type SiC have a strong

dependence on polytype. On the other hand, many other SiC properties

show little or no polytype dependence. The object of this paper is to

classify physical properties in a way that provides a qualitative

explanation of the degree of their polytype d,.pendence. For this

purpose, properties are put into three classes, A, B, and C, according

to a certain aspect of their wave-number dependence. The relationship

between polytype dependence and wave-number dependence is found by

considering the polytype structure in reciprocal space, as determined

by the positions and structure factors of the planes of energy discon-

tinuity. Class A properties can be further classified by polytype

hexagonality (percent h) in an empirical scheme that apparently accounts

for the effects of anisotropy. Both classifications can be used not

only for SiC polytypes, but also for the similar family of ZnS polytypes.

Examples of the three wave-number dependent classes of

properties are given in Table I. We define the classes as follows -

(A) Class A properties depend on wave vectors at the origin of

the large zone (k = 0), or along the zone axis (kz # 0).

Only small polytype differences are expected.

(B) Class B properties depend on a symmetrically related set

of wave vectors at the large zone boundary. Such properties

may show large polytype differences.

(C) Class C properties depend on a weighted average over all

wave vectors. These poltype differences are usually small,

but occasionally the large weighting of a particular set of

wave vectors leads to significant poltype differences.



TABLE I

Wave-Vector Classification
of SiC Physical Properties

A. Axial or zero wave vector

1. Direct energy gap at zone center
2. Hole masses and mobilities
3. X-ray coincidences
4. Axial phonon dispersion curves
5. Axial acoustic velocities

B. Zone-boundary wave vector

1. Indirect energy gaps
2. Electron masses and mobilities
2. Exciton luminescence
4. N-type dichroism
5. Crystal growth?

C. Weighted average over k

1. Dielectric function
2. Reflectivty
3. Birefringence
4. Thermal conductivity and expansion
5. Thermal expansion anomaly
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The classification according to hexagonality er "percent h"

introduces an order parameter defined by the hk polytype notation.(1)

It serves to correlate the small class A differences that cannot be

explained by their wave-number dependence. The essential factor appears

to be a regular increasing anisotropy of many properties with increasing

hexagonaltiy.

II. LARGE ZONE STRUCTURE

Polytype comparisons in reciprocal space (k space) are
(2,3)

facilitated by the use of standard large zones. An axial dimension

of N /c is chosen, where N is the number of atomic layers in the stack-

ing sequence (the number that appears in the Ramsdell symbol NH or NR).

Nn/c is a constant, independent of polytype, for the unit cell dimen-

sion c is proportional to N. Thus, we compare polytypes in zones of

the same volume.

This is an extension of the method that Birman (4 ) used to

compare the band structures of the two fundamental ZnS polytypes,

3C (zincblende) and 2H (wurtzite). He chose one of the threefold zinc-

blende axes to align with the unique wurtzite axis. This method of

comparing corresponding regions of k space in the 3C and 2H structures

was again shown to be significant in recent band structure calculations

for ZnS.
(5'6 )

When the standard large zone is used for the higher polytypes,

it is cut by many planes of energy discontinuity (hereafter called

E-D planes). This is illustrated for polytype 33R in Fig. 1, which

shows half of a large-zone mirror plane. The zone axis is at the left.

All other lines indicate the traces of E-D planes, including those that

form the boundaries of the zone (heavy lines). The planes are of two

Choosing one of the threefold axes is equivalent to considering cubic

SiC as the basic rhombohedral polytype, i.e. as 3R instead of 3C.
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kinds, horizontal and oblique, and we must consider the character and

the effects of these two sets of E-D planes in order to make polytype

comparisons.

The horizontal lines represent E-D planes of the form

(000,3n) with integral n. However, in calculating structure factors

it is common practice to use a single atomic scattering factor for all

Si atoms, and another for all C atoms, and to consider all interplanar

spacings equal. In this approximation all of the (000,3n) structure

factors vanish except for (000,±33), which correspond to the top and

bottom boundaries (heavy lines in Fig. 1). Thus, the dashed horizontal

lines represent E-D planes made possible by the lower translational

symmetry of polytype 33R, but for which the energy discontinuities are,

in fact, very small because the true structure differs only slightly

from the ideal tetrahedral structure. The corresponding X-ray reflec-

tions have not been observed. There is no comparable strength limita-

tion on the other set of E-D planes, the set indicated by the oblique

lines which form the complex network at the right of Fig. 1.

In the standard large zone of any polytype there is a similar

grouping into two sets of E-D planes. In all cases the interior planes

perpendicular to the axis repretsent extremely small discontinuities,

whereas the top and bottom boundaries correspond to the strong (000,±N)

reflections, which have the same normalized structure factors for all

poltypes. The second set of E-D planes corresponds to the oblique

lines of Fig. 1, but the number of planes, the positions, and the

structure factors of this set: all vary from one polytype to another.

We conclude that the large zone of any polytype shows a central

region free of strong E-D planes, top and bottom of equally strong

(000,±N) planes, and a set of oblique E-D planes that is characteristic

of the polytype. The part of k-space showing distinct polytype

*The number of E-D planes in both sets increases with increasing size
of the unit cell. Cubic SiC has no interior E-D planes. In hexagonal,
as opposed to rhombohedral polytypes, the structure factors of some of
the planes perpendicular to the axis vanish identically because of the
hexagonal symmetry.
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characteristics is therefore the neighborhood of the large zone boundary,

excluding that part formed by the (000,±N) planes. These common struc-

tural features of polytypes lead to the A, B, C classification of

properties.

If the periodic crystal potential is regarded as a

perturbation (7 ) it is clear that, for a given wave vector, polytype

differences are associated with differences in nearby E-D planes.

Since there are no such differences along the large zone axis, in the

usual structure factor approximation, one expects only small polytype

differences for class A properties. On the other hand, a conduction

band minimum near the large-zone boundary occurs at a critical point

which, in going from one polytype to another, is shifted in both

position and energy by the changing configuration of oblique E-D planes.

Consequently, there may be large differences for class B properties.

The argument given here is only qualitative, but many

experimental results in both SiC and ZnS polytypes can be understood

on the basis of this classification. Some properties depending on the

E-D planes ( or reciprocal lattice points) are X-ray reflections,

electronic structure, phonon dispersion curves, and the many physical

properties that depend indirectly on electrons and phonons.

III. EXPERIMENTAL RESULTS

in this section qe review some experimental results that

throw light on the polytype dependence of the property measured. We

discuss the examples listed in Table I, following the same order.

A. Class A

The SiC zone center energy gaps (Al) have not been measured,

but the ZnS band gaps are at the zone center, and they show a polytype

variation of only 3% of the gap. (8) Polytype comparisons of hole masses

and mobilities (A2) have not been made in either SiC or ZnS polytypes.

Only small differences are expected except perhaps for cubic. The
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valence band of the cubic form is unique because of its higher symmetry,

hence higher degeneracy. The X-ray coincidences (A3) for (000,±N)

reflections are well known, (9 ) and will not be discussed.

Raman scattering measurements (10 ) show that a single set of

axial phonon dispersion curves (A4) is satisfactory, within 1%, for

four polytypes (Fig. 2). The equivalence of axial acoustic velocities

(A5) follows from this result. In these measurements doublets were

observed that indicate small energy discontinuities at E-D planes of

the form (000,3n) for which the structure factors vanish in the usual

approximation (except when 3n = N). Thus, exact calculations must

indeed consider the small changes in atomic scattering factors and

interplanar spacings permitted by crystal symmetry. These changes

result in small polytype-dependent distortions of the basic tetrahedral

structure.

The measured class A differences are all small, and they are

probably related to the small tetrahedral distortions. They can be

correlated empirically with "percent h", and will be considered further

in Sec. IV.

B. Class B

The indirect gaps of SiC polytypes (Bl) vary from 2.39 to

3.33 eV. (11,12) The conduction band minima are at the X positions in

cubic SiC, in the region of the large zone where E-D planes have a

strong dependence on polytype. It is not surprising, then, that the

corresponding minima change, with changing polytype, in position, in

number, and in energy. All electronic properties, such as masses and

mobilities (B2) therefore depend strongly on polytype. Considerable

differences were reported in the electron mobilities of 6H, 15R, and

4H polytypes. (1 3 ) Mass and mobility anisotropies have not yet been

measured, but are expected to show a strong polytype dependence also.

This position in the standard large zone is shown in Fig. 4 of

Ref. 2.
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The energies in the SiC luminescence spectra depend on

polytype because of the energy gaps, and so do phonons emitted in the

indirect transitions, because of the changing positions of the conduc-

tion band minima. Therefore, highly complex and characteristic

spectra (14 ) are observed for excitor- recombination radiation (B3).

N-type samples of SiC polytypes show a striking dichroism

(B4) because of direct transitions from the conduction band minima to

higher minima.(15) Since both initial and final states have k vectors

on polytype. The most familiar of these are the ordinary ray colors

(E I c) because the typical platelet is thin in the direction of the
optic axis. One observes green in 6H, yellow in 15R, the depth of

color depending on the density of electrons in the conduction band or

on donor atoms.

The most striking polytype differences in SiC are due to the

positions of the conduction band minima, as indicated above. No such

differences are observed in the direct-gap ZnS polytypes. Although

polytype series are known in som2 other materials, none compares with

SiC in variability of physical properties.

The listing of crystal growth here (B5) is speculative. It

is meant to suggest that, in determining the structure of a crystal

nucleus, a small class B contribution to the free energy, with its

strong polytype dependence, may be as significant as a much larger

class A or C contribution with weak polytype dependence.

The growth of high polytypes is usually attributed to the(1)
growth spiral mechanism, but there are four or five basic forms that

probably result from thermodynamic considerations. They have different,
(16)

but overlapping ranges of growth temperatures. Little is known

about the more significant nucleation temperatures. It seems likely

that there is a very delicate balance of free energies, with several

contributing factors. Our discussion will be confined to one possible

class B contribution.
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The sharpest growth temperature boundary seems to be that

between 2H below 1430*C and cubic above. (1 2 ) This is a change from the

polytype with the largest energy gap to that with the smallest. It is

therefore marked by a large increase in carrier populations. The

(negative) free energy contribution of holes and electrons is quite

insignificant at low temperatures, and even at 1430C it is very much

smaller than that of the lattice vibrations, but the latter is class C

and probably has a very small polytype dependence. Thus, the relatively

small energy gap of cubic SiC may favor its appearance in this

temperature range.

C. Class C

The dielectric function (Cl) involves all k vectors, but is

strongly weighted for photon energies near direct transition thresholds.

Thus, a class C property may have some class A or B character near a

threshold if the transition occurs at a k vector an the axis (A) or the

zone boundary (B). The low-frequency dielectric constant has been

measured only for 6H SiC, (17) but is likely to be independent of poly-

type to a good approximation.

The diel.ectric function controls the reflectivity (C2) which

should have the same general appearance in all polytypes, but distinctive

detail wherever the zone-boundary direct transition structure can be

resolved. Similarities in SiC polytype reflectivities have been stressed

by Wheeler, 1 8 ) but some distinctive polytype differences have been

found. (1 9) For ZnS polytypes also, a general similarity but some dis-

tinct differences in reflectivity were found by Baars.
(20 )

The dielectric function also determines the birefringence (C3),

which has been measured for many ZnS polytypes. (8 ) However, the measure-

ments were made at 5460 A, where the zone-center transitions may be

dominant, giving the birefringence more of a class A character. Thus,

the correlation with hexagonality is expected.

Thermal conductivity and thermal expansion (C4) are expected

to have little polytype dependence except for a slight anisotropy which
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may vary with hexagonality. However, a distinct thermal expansion

anomaly (C5) was found in 6H SiC. (2 1 ) From 400 to 1000*K there is

preferential expansion along the c axis. This is probably due to the

high density of phonon states associated with the flat, low-frequency,

planar acoustic. branch in the axial direction. The phonon dispersion

curves (0) indicate a density of states peak in the frequency spectrum

at 265 cm- (380*K), which apparently lies below all other such peaks.

Thus, at 4000K there-is a preferred population of modes propagating

along the crystal axis, leading to a preferred expansion direction

which persists until the optical phonon branches are excited.

IV. CORRELATION WITH "PERCENT h"

The wave-vector classification makes no reference to the

observed tetrahedral distortions, and explains no class A polytype

differences. These minor differences are correlated in a very satis-

factory manner by the empirical "percent h" scheme. It works, not only

for SiC and ZnS polytypes, but also for certain metallic alloys which

form structures analogous to polytypes. The alloy correlations have

been discussed by Hodges.(
2 2 )

If neighbors beyond the second are ignored, Si or C sites in

any polytype have ueighborhoods of two kinds, h or k, which are like

those in the cubic (k) or 2H (h) structures. The planes in the poly-

type stacking sequence may then also be labeled h or k, leading to the

hk polytype notation, (1 ) from which one can obtain immediately the

percentage of h planes. This is the order parameter against which

class A properties are plotted.

Figure 3 shows that, for several SiC polytypes, the anisotropy

in the transverse optical phonon energies, and the c/a axial ratios are

both proportional to "percent h". In ZnS polytypes a similar relation

exists for the direct energy gaps and for the birefringence. As noted

above, the birefringence measured near the direct gap at k = 0 may

have the character of a class A property.
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Most of the small class A differences appear to be determined

by the polytype anisotropy, which seems to vary between the limits for

cubic (3C) and wurtzite (2H0 in a regular manner that is adequately

described by the "percent h". wRhether class C properties may also be

correlated with "percent h" has not yet been established. At one time

the correlation appeared to hold for a class B property, the SiC
(11) (12)

indirect gaps, but it failed to predict the 2H gap. On reflec-

tion, there does not appear to be any reason for the correlation to

hold for class B properties.
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FIGURE C.TIONS

Fig. 1 Half a mirror plane of a large zone for 33K SiC. The heavy

line is the zone boundary. Lighter lines represent energy

discontinuities, of which there are two kinds. Those

corresponding to the broken horizontal lines are extrenely

weak, but others, indicated by oblique lines, are strong.

Fig. 2 Axial phonon dispersion curves in a standard large zone.

One set of curves fits the Ramaas scatrering data of four

SiC polytypes.

Fig. 3 Twio measures of polytype anisotropy in SiC plotted against

"percent h". (a) The closed circles represent the anisotropy

of the transverse optical phonon modes (TOI-T0 2), from Raman

measurements. (b) Open circles are reduced c/a axial ratios

for polytypes 6H and 2H, from X-ray measurements.
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APPENDIX D -- Optical Properties of Polytypes of SiC:

Interband Absorption, and Luminescence

of Nitrogen-Exciton Complexes
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OPTICAL PROPERTIES OF POLYTYPES OF SiC: ,

INTERBAND ABSORPTION, AND LUMINESCENCE OF NITROGEN-EXCITON COMPLEXES

W. J. Choyke

Westinghouse Research Laboratories
Pittsburgh, Pennsylvania 15235

Abstract

A summary is given of the optical absorption in seven polytypes

of SiC. Nitrogen-exciton four-particle and three-particle spectra for

a number of polytypes are discussed. Combining energies from four-

particle and three-particle no-phonon data to yield values for donor

ionization energies is reviewed.

The research reported in this paper was sponsored in part by the Air
Force Cambridge Research Laboratories, Office of Aerospace Research,
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I. INTRODUCTION

Since the last SiC Conference almost ten years ago, considerable

effort, all over the world, has been spent on studying the optical pro-

perties of this fascinating family cf polytypes. To review critically

so much work in so little space is fruitless both to the reader and to

the writer, the latter having to bear the abuse from authors who feel

they have not been fairly cited. Consequently, we choose to summarize

some of the results obtained in our laboratories during this ten-year

interval, keeping in mind the current interest in junction devices.

II. ABSORPTION SPECTRUM

The absorption edges of seven polytypes of SiC are shown in

Fig. 1. The shape of the edges is characteristic of indirect transi-
(1)

tions which create excitons. As is customary for indirect transitions,

we have plotted the square root of the absorption coefficient against

photon energy. Only the phonon emission part is significant at 4.2'K

and only the "principal" phonons give rise to resolvable structure.

Absorption curves for E II C have also been obtained but the structure is

not as well resolved as for E J C and in general the absorption is

weaker. (2)

The structure marked by letters and arrows in Fig. 1 is due

to emission of some of the "principal" phonons, which have wave vector



k at the large zone boundary, and have very similar energies in all the

polytypes shown except 2H.(3 ) The phonon energies are obtained much

more accurately from luminescence measurements (Sec. III), aud it is the

combined information from absorption and luminescence which gives us the

values of the exciten energy gaps (E ) indicated by arrows on the
GX

abscissa in Fig. 1.

All the absorption edges except 2H can be approximately

superimposed after an energy shift and multiplication of a by an appro-

priate factor. This is a consequence of the nearly identical "principal"

phonon energies in these polytypes. In the case of 2H the phonon ener-

gies are different and no superposition is possible. Nevertheless, a

rough comparison of absorption strengths is still possible, and we find

a ten-to-one variation among the polytypes. This is an example of a

Class B property.

In Fig. 2 we give values for the exciton energy gap EGX at

4.2*K for eight polytypes. The temperature dependence of EGX over a

considerable range of temperature has been measured only for 4H, 6H,

15R, and 21R. The solid lines indicate range of actual measurement of

EGX whereas the dashed lines indicate a rough estimate of the temperature

dependence. The temperature variation of E is obtained from absorp-ox
tion measurements by observing, a. low temperatures, the break in the

curve which indicates the beginning of the phonon emission part; and at

high temperatures the break which indicates the beginning of the phonon

absorption part. All structure in the absorption edge becomes less

distinct with increasing temperature; hence, the high temperature portion
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of Fig. 2 is somewhat uncertain. The assumed similarity of the

temperature dependence of EGX for all the polytypes is based on the

similarity of their phonon spectra.

Recent reflectivity studies on 6H Si.C in the ultraviolet have

shown some weak structure at 4.6 eV but were irsonclusive as to whether

this structure is of an intrinsic nature and whether it is associated-

with a direct transition at 4.6 eV(5'6 ) Optical absorption measure-

ments on very thin crystals provide an alternative experimental technique

for examining structure in this region. One is able to grow thin samples

of a few microns thickness and prepare samples as thin as 1.8p.
(7 )

Figure 3 shows absorption measurements on 6H SiC to nearly

4.9 eV. The typical crystal habit of hexagonal SiC restricts measure-

ments to one polarization direction (E L C), but this is the direction

for Lhich the reflectance measurements were made. The results show

three successive indirect edges, indicated by Et , and E inEG'E2 EG3

Fig. 3 and a fourth absorption edge EG at 4.6 eV. EG also appears to

be indirect but one cannot be certain since it becomes increasingly

difficult to distinguish between direct and indirect edges as one goes

to higher energies. An indirect edge at 4.6 eV is incanable of explain-

ing the reported stiucture in the reflectivity. One must conclude at

this stage that the character of the 4.6 eV edge has not yet been

established.

III. EXCITON PICOMBINATION RADIATION

The mechanism of exciton recombination for an indirect

semiconductor is illustrated schematically in Fig. 4. For a bound
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exciton, the hole at k 0 and the electron at k kCB may recobine

without phonon emission in some fraction of the transitions. This gives

rise to very sharp lines termed, "no-phonon lines". In SiC polytypes

with nultiple donor sites, the relative strength of a no-phonon line

shows a direct correlation with the binding energy, E, , by which an

exciton is bound to a neutral donor. In other transitions crystal

momentum is preserved by emission of a phonon which either scatters the

electron to an intermediate conduction-band state at k , or scatters0

the hole to an intermediate valence-band state at k CB. Many recombina-

tion channels are available, because either the electron or the hole

scattering may be to one of several bands of intermediate states. Those

bands are favored which vost nearly conserve energy in the intermediate

state.(1)

In Table I we summarize, for 8 polytypes of SiC, the theoretically

possible number of no-phonon and one-mhonon lines that one might expect to

see in the luminescenze spectrum of a four particle nitrogen-exciton

complex. The large unit cells of polytypes 4H, 6H, 8H, 15R, 21R, and

33R have several sites, not required to be equivalent by crystal

symmetry. if the effective mass approximation for -shallow donors (9) in

these polytypes is inexact, we expect to obtain one no-phonon line and a

family of one-phonon lines for each inequivalent site. The simplest

spectrum is obtained for cubic SiC since it has the fewest atoms in the

unit cell of any polytype. In Fig. 5 we show its four particle nitrogen-

exciton complex spectrum. There are 5 strong narrow lines which are

labeled according to the phonon emitted in the transition, with "0"
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TABLE I

Total number of no-phonon and one-phenon lines
theoretically observable in a four particle
nitrogen-exciton complex spectrum of 3C, 8H,

21R, 15R, 33R, 6H-, 4H and 2H SiC.

Atoms of Number of Inequivalent Bound Exciton Lines
Polytype C and Si Phcaon Branches Sites(Sic) in the (Neglecting in the

Unit Cell Degeneracy) Unit Cell

3C 2 6 I 1 + 6

8H 16 48 IV IV + 192

21R 14 42 VII Vii + 294

15R 10 30 V V + 150

33R 22 66 XI XI + 726

L 6H 12 36 III 1i + 108

F 4H 8 24 II !I + 48

2H 4 12 I I + 12

indicating that in which no phonon is emitted. The exciton energy gap

EGX, determined from absorption measurements, is indicated by the heavy

arrow in Fig. 5. The displacement of the "0" peak from EGX is 10 meV,

and is a measure of the energy by which the exciton is bound to the

nitrogen. The small value of this binding energy is one indicati6n that

the complex is formed by an exciton and a neutral nitrogen (to form a

four particle complex). The binding of an exciton to ionized nitrogen
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to form a three particle complex would be comparable with the io :ation

energy of the nitrogen (perhaps 100 meV).(10 ) A three-particle si :rum

has not been observed in cubic SiC whereas it is quite strong in 6H,
(10 )

33R,(11
) and 15R SiC.

(2 )

The phonon energies derived from Fig. 5 are listed in Table 11,

together with the principal phonons in 21R, i5R, 33K, 6H, 4H, and 2H SiC.

TABLE II

Comparison of principal phonon energies in seven polytypes.
Energies in meV. T = transverse, A = acoustic,

L = longitudinal, 0 = optic.

Phonon
Branch Cubic 21R 15R 33R 6H 4H 2H

TA1  46.3 46.5 46.3 46.3 46.3 46.7 52.5 A

I51. 4
TA2  53 51.9 52.3 53.5 < 61.5253.4 6.

LA 79.5 77.5 78.2 77.5 77.5 < 76.9
78.8

TO1  94.4 94.5 94.6 94.7 94.7 95.0 91.2

TO2  95.7 95.7 95.6 100.3 0

104.0 103.4
LO 102.8 104 103.7 103.7 104.2 < 104.3

For cubic SiC the notation for transverse acoustic (TA),

longitudinal acoustic (LA), transverse optical (TO), and longitudinal

optical (LO) is accurate, since the cubic conduction band minima are on

the ymmery aes.(12)
the symmetry axes. ( For the hexagonal and rhombohedral polytypes

-6-



the notation is somewhat inaccurate, but convenient, When using the

large zone, the number of phonon energies assigned to each branch is

3n 3n 3n 3nTA [2 LA [ - ], TO [2 (-9], and LO [ 1- 1 where n is the

number of atoms in the unit cell, as given in Table I. Neglecting

polytype 21 for the moment let us compare the principal phoncn for

cubic, 21R, 15R, 33R, 6H, and 4H. Here we compare 6 polytypes with 3

different symmetries, whose phonons have k vectors which are determined

by the positions of the conduction-band minima. For the transverse

phonons the agreement is essentially within experimental error. In the

case of the longitudinal phonons there appears to be a slight trend in

the sequence cubic, 21R, 15R, 33R, 6H, 4H: mamely, LA decreases while

LO increases.

The calculation of Herman, Kortum and Kuglin (12) for cubic

SiC places the conduction-band minima at X, i.e. at the zone boundary

in < 100 > directions. Hence in cubic SiC the two TA momentum con-

serving phonons should be degenerate, and likewise, the two TO phonons.

This is consistent with the data in Fig. 5 where we find 4 rather than

6 phonons. In addition, our previous comparison of the principal phonons

indicates that the conduction-band minima of the other polytypes are

likely to be at the large zone boundaries. Thus we have three conduction-

band minima for cubic SiC and probably 12 minima for 4H and 6H and

6 minima for 33R, 15R, and 21R.

In 2H SiC (3) the experimental data can be used together with

symmetry arguments to place 2 conduction-band minima at the K positions

of the Brillouin zone.
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We shall now consider two Lampert complexes (13) in greater

detail, namely: (a) an exciton bound to a neutral donor (four-particle

omplex, or 0 ), and (b) an exciton bound to a donor ion (three-

particle complex, orQ). In Fig. 6 we give both Lampert's pictorial

notation and ours, and in terms of this notation we define six disso-

(10)
ciation or binding energies. The energies required to Temove

excitons from four- or three-particle complexes, E4x and E3x, can be

expressed in terms of the independent energies defined by the first and

fourth equation in Fig. 6. Hence we can obtain the relations:

E4x = E3x + E3 - Ex and E = E3 + Ei - E x . By combining these rela.-

tions we get an expression for the donor ionization energy:

Ei = E3x - E4x + E Our measurements give accurate values for E3x and

E 4x An estimate of E4 can only be obtained rather indirectly, as out-

lined in Sec. VI of Ref. 10-for a 6H donor. Figure 6 also shows levels

which represent possible relative energies of various combinations of

the particles which form a four-particle complex.

We are now in a position to compare, in Fig. 7, the observed

and0 particle nitrogen exciton no-phonon spectra of 2H, 4H, 6H,

33R, 15R, 21R and 3C SiC.

In 2H a very weak 0 no-phonon line was observed at 3.320 eV,

giving a value of E4x of 10 meV. Notably absent for 2H SiC is the Q

particle spectrum.

For 4H SiC at 6K we have two Q no-phonon lines with E4x

values of 7 meV and 20 meVo At about 20*K the 7 meV line disappears

because of thermal dissociation of the complex. kn examination of about
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fifty 4Hsamples showed, in every case, a 0 particle spectrum stable

up to 77°K which, however, is almost certainly not due to nitrogen. in

other crystals of 4H SiC many narrow-spaced sharp lines were also

observed and appear to be similar to donor-acceptor pair lines seen in

AP(14,15)

In 6H SiC at 6°K we observe three no-phonon lines with

binding energies of 16, 31, and 33 meV. At 150K the 16 meV line is

about half its 6K value, and all three lines have disappeared by 77°K.

Contrary to the previous situation in 2H and 4H, we have a strong ®

nitrogen spectrum in 6H. As we have already noted on Fig. 6, the binding

energy x is large compared to E and the exciton binding energy E
3x 4x x

Hence for 6H SiC we have three (Dno-phonon lines with Exof
and 237 meV.

For 33R SiC we would expect 11 0 no-phonon lines since

nitrogen is almost certainly distributed over the 11 sites, but we

observe only 10. Even at very low temperatures the eleventh line was

not observed, and it is unlikely to be concealed in an unrcsolved doublet.

It is thought to be missing because of too small a value of E4x. The

values of E4x range from 9.2 to.33.2 meV. Some lines are so close

together that they are not shown resolved in Fig. 7. As in 6H SiC there

is a strong 0 nitrogen spectrum visible up to 77°K. We see 9 (perhaps

10) lines with E3x ranging from 142 to 220 meV.

For 15R we should expect 5 U no-phonon lines but we show

only four in Fig. 7. The missing line is believed to be associated with

the "same" site as that responsible for the missing no-phonon line

-9-



in 33R SiC.(11) The E4x values are 7, 9, 19, and 20 meV. As in 6H and

33R we also have a strong (D nitrogen spectrum but it is no longer

visible at 77*K. This accounts for the fact that under U.V. illumination

at 77°K 6H and 15R nitrogen-doped samples will have a distinctly differ-

ent color The measured values of E3x are 125, 148, 158, and 199 meV.

The 21R luminescence spectrum at 60K of Q nitrogen exciton

complexes yields 6 instead of an expected 7 no-phonon lines. (16) As in

the case of 33R and 15R it is possible that the binding energy to the

seventh site is very small. However, a spectrum taken at 1.6*K did not

reveal a seventh line. The values of E4x in 21R range from 10 to 40 meV.

No trace of a spectrum was observed.

Finally, we have the single no-phonon line for cubic SiC which

has already been discussed in connection with Fig. 5. Again we see no

particle spectrum. Four of the seven spectra shown in Fig. 7 do

not have a spectrum associated with the spectrum. Possible

reasons for the absence of three-particle complexes have been advanced

by several authors. (17,18,19,20)

Lastly, we should like to make some general remarks about the

rather complicated nitrogen-exciton luminescence spectra which are

actually observed. A schematic of such a spectrum for 6H SiC is shown

in Fig. 8. In addition to the no-phonon lines already discussed, we may

have phcnon lines associated with the f exciton, and a phonon spec-

trum associated with each type of complex. That obtained from the

particle spectrum is characteristic of a loosely bound center, and that

obtained from the U particle spectrum is characteristic of a tightly
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bound center. At higher temperatures, lines due to thermally excited

states of the complexes are observed. The excited states of the Q

particle complexes, in general, appear to be due to the presence of a

second valence band (spin-orbit splitting) while those of the O parti-

cle complexes are attributed to valley-orbit splitting. However, addi-

tional complications can arise such that the final state is one in which

the donor electron is not in the lowest valley-orbit state.

In the case where one is able to observe both a Q particle

and 3particle nitrogen-spectrum, such as in 6H, 33R, and 15R, one is

able to make estimates of the donor ionization energies E.. As an

example we take 6H SiC as shown on the right side of Fig. 8. Recalling

the relationship E. = E3x - E4x + E4 and pairing the no-phonon lines

A with P, B with R, and C with S, we obtain three values for Ei(minimum).
(J.G)

Using a value of 25 meV for E4  we obtain probable values for the

donor ionization energies of 170, 200, and 230 meV.

IV. CONCLUSIONS

Much has been learned about the absorption spectra of SiC and

the luminescence spectra of nitrogen-exciton complexes. However, our

understanding of other impurity spectra in SiC is far less advanced.

Higher transitions are still poorly understood and await good band

calculations. Donor-acceptor pair spectra abound but their unravelling

awaits a far more sophisticated understanding of the energy levels of

the donors and acceptors which are involved. Hopefully, in another ten

years we shall have another SiC Conference and then the band structure
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and "zoology" of manyimpurities in SiC will be fully understood. This

will not only be intellectually satisfying but will, without doubt,

make possible far greater utilization of SiC for device applications.
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FIGURE CAPTIONS

Fig. 1 Absorption edge of polytypes 3C, 21R, 15R, 33R, 6H, 4H, and

2H SiC at 4.2*K, for light polarized E [ C. The structure is

characteristic of indirect exciton-creating transitions. Only

the phonon emission part is observed at this temperature, and

the resolved structure is due to the emission of a small number

of "principal" phonons.

Fig. 2 Temperature dependence of the 2H, 4H, 6H, 33R, 15R, 21R, 8H,

and cubic exciton energy gap, E Solid lines indicate range
GX*

of actual measurements. Dashed lines indicate a rough estimate

of the temperature dependence. The usual gap EG, is given by

E = EGX + EX, where EX is the still unknown exciton binding

energy.

F.g. 3 Plot of aI /2 versus hv at 300'K with light polarized E i C

and data from many samples. Measured values fall on straight-

line segments (solid), or in transitional regions (dotted).

The four arrows indicate the estimated values of EG .

Fig. 4 Schematic of indirect exciton recombination for a semiconductor

with valence band (V.B.) maximum at k = 0 and conduction band

(C.B.) minimum at k = kCB. The no-phonon transition occurs

only for bound excitons. Other recombination modes require

both an optical (vertical) transition and an electron or hole

scattering, going through a number of intermediate states in

which energy need not be conserved.
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Fig. 5 The luminescence spectrum of four-particle nitrogen-exciton

complexes in cubic SiC at 60K. The phonon-free line is labeled

'0" and its energy is used as the zero for the upper "phonon

energy" scale, from which one may read directly the energies

of TA, LA, TO, andLO phonons. The 10 meV between "E and

"0" is a measure of the binding energy of the exciton to the

nitrogen atom.

F-i. 6 Energy-level diagram, notation, and definiticns. The levels

represent possible relative energies of various combinations

of the particles which form a four-particle complex. The

complex itself is the lowest level, being the most strongly

bound combination. The top level represents the completely

separated particles. The distance between levels gives the

binding energies defined by the equat'ions on the left of the

figure.

Fig. 7 Observed no-phonon lines in and particle nitrogen

excion spectrum of 2H 4H, 33R, 15R, 21R, and 3C SiC.

Fig. 8 A diagram showing the energy ranges of the two distinct 6H

nitrogen-exciton Q and )particle spectra, and indicating

the positions of the three no-phonon lines in each spectrum.

Pairing lines A with P, B with R, and C with S we cbtain three

values for Ei(minimum). Ei(probable) may be obtained from the

relation E (probable) = 3x - E4x + (Z25 ijeV).
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